Significant progress has been made in corrective gene therapy of inherited skin diseases. This includes advances in vector technology, targeted gene expression, gene replacement, and the availability of appropriate animal models for a variety of candidate diseases. In addition, an increased understanding of the uptake and trafficking mechanisms inside keratinocytes has evolved. Topical application facilitates DNA vaccination through the skin, albeit clinical benefits have not yet materialized. However, the translation into clinical trials has only been partially mastered. The latter and the control of immune responses represent challenges for the research community.
Introduction
As the skin is the largest and most accessible organ, it provides an attractive target for therapeutic gene transfer. Skin is composed of the self-renewing epithelial layers, called epidermis, the dermis and the subcutaneous fat layer ( Figure 1 ). While the epidermis contains the most abundant epithelial cells (i.e. keratinocytes), melanocytes (leading to pigmentation), and Langerhans
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Prospects
The correction of a certain percentage of defective keratinocytes or fibroblasts may prove sufficient for functionality of the neo-skin to occur. Supplementation therapy of genes with similar, but independent functions (e.g. desmin for keratin) may alleviate the effect of dominant-negative proteins. Direct in vivo technologies for gene transfer/ correction will gradually replace the ex vivo gene transfer protocols for treating larger skin areas; ex vivo strategies will probably not make it into larger trials. Dominant-negative diseases will become treatable by inactivation of the mutant protein by RNAi technology or zinc-finger nucleases. Large animal models are desirable to determine the safety and efficacy of in vivo therapies before testing in human subjects. Undesired immune responses against neo-antigens will lead to immunosuppressive treatment protocols around the time of gene transfer to permit extended gene expression. cells (i.e. epidermal dendritic cells), it is not vascularized. Therefore, proteins synthesized in the epidermis have to cross the basement membrane, which anchors the epidermis to the dermis prior to gaining access to the bloodstream. Keratinocytes stem cells divide in the basal portion of the epidermis and the bulge area of the hair follicle to give rise to transient amplifying cells that undergo layer-specific differentiation regulated by specific promoters (e.g. keratin 5 and 14 in the basal layer, keratin 1 and 10 in the granular layer, and involucrin and transglutaminase in the uppermost layers, respectively). Ultimately the horny layer (strateum corneum) protects the skin from the environment (e.g. from evaporation, pathogens and allergens etc.) and forms the tight epidermal barrier that has to be overcome, for topical skin gene therapy to become a reality. The epidermal turnover takes about 28 days and therefore limits longterm expression, as transient amplifying cells are preferentially transfected. The components of the basement membrane zone may be mutated and cause inherited blistering diseases that represent a major target for gene therapy. The dermis contains the blood vessels, hair follicles, sweat and sebaceous gland embedded in a delicate network of interstitial matrix (collagen, elastic fibers, glycosaminoglycans) secreted by fibroblasts.
Generally, genes can be transferred to the skin by both in vivo-and ex vivo-strategies (Figure 2 ). Since the last comprehensive review of the field, a number of new achievement has been made in modifying skin cells for gene therapy purposes.
Systematic knowledge on genetic defects of candidate diseases has accumulated
Given molecular genetics that has tremendously improved the understanding of genotype-phenotype correlations in cutaneous genodermatoses (Uitto and Richard 1 ; Figure 3 ), gene therapy has begun to achieve functional correction. For example, deficient gene expression of type VII-collagen (one of the anchoring fibers usually produced by fibroblasts) has been successfully corrected -at least for 16 weeks -by in vitro cotransfection with a fC31 integrase-encoding plasmid and a type VII-collagen plasmid of fibroblasts from patients with recessive dystrophic epidermolysis bullosa (EB) followed by injection into recessive dystrophic EB skin. Interestingly, synthesized type-VII-collagen was found to correctly localize upon reconstitution of a neo-skin and several hallmarks of EB, including subepidermal blistering and anchoring fiber defects have normalized. 2 In principle, the injection of genetically engineered fibroblasts into the dermis offers a number of advantages over epidermal grafting strategies. Fibroblasts are (i) more robust cells than keratinocytes, and (ii) much less susceptible to differentiation than epidermal progenitors. Moreover, unlike epidermal sheets, that are fragile and must be immediately used, (iii) fibroblasts can be delivered to intact skin via intradermal injection of single cell suspensions, eliminating the need for subsequent wound care.
In contrast, the initial studies, using epidermal sheets derived from gene-corrected keratinocytes, have achieved correction at the histological, molecular and functional level, but failed to extend beyond 2-4 weeks, which is the estimated time needed for epidermal turnover. Even when the longevity of the collagen gene product is considered, correction may not prove beneficial for patients long-term using this vector system.
Targeted gene expression to the epidermis has been achieved, but was neither a prerequisite for correction nor did it improve longevity of expression
The compartmentalization of epidermis and its continuous renewal challenge vectors for targeted transgene expression. On one hand, long-term expression should become possible if gene transfer to progenitor (stem) cells in the basal layer was successful. However, keratin 14 promotors still resulted in gene expression in both basal keratinocytes and their suprabasal (i.e. differentiating) progeny, with gene expression being gradually lost due to desquamation and promoter inactivation (for review see Hengge) . 3 On the other hand, stratum-specific expression to suprabasal (i.e. differentiating) layers was not required in lamellar ichthyosis, a monogenic skin disorder of transglutaminase, to achieve morphological correction. 
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Again, expression of the therapeutic gene was lost over a period of several weeks, despite the fact that immunodeficient animals were used (for review see Hengge). 3 Besides gene inactivation, a selective growth disadvantage for transduced stem cells and a gradual loss of these cells from the treated tissue have been proposed. As integrating viral vectors probably have the best chance of enabling long-term expression, immortalized keratinocytes and primary keratinocytes were transduced by a variety of viral vectors and analyzed for long-term expression. 4, 5 Not surprisingly, recombinant retroviruses yielded sustained levels of transgene expression, but lentiviral vectors showed the highest ability to transduce clonogenic primary keratinocytes. 4 When cells were cultured on a substrate of recombinant fibronectin, preferential transduction of early precursor stem cells could be achieved. 6 Efficient gene delivery into keratinocytes has also been demonstrated for adeno-associated virus type-2 (rAAV-2). 7 However, other investigators were unable to transduce primary keratinocytes with AAV vectors. 5 Impaired cellular trafficking of vector particles and high levels of autophosphorylation of the epidermal growth factor receptor (EGF-R) tyrosine kinase present impediments to gene transfer into keratinocytes. To improve the efficiency of gene delivery, treatment of keratinocytes with proteasome inhibitors increased the percentage of transduced cells by 33% and prolonged the duration of expression until 10 weeks, at which point senescence was reached. 7 Aside from cellular targeting, transcriptional targeting has recently also been assessed in primary melanoma cells, the most important skin tumor. 8 In these experiments, the survivin promotor exhibited the highest activity in melanoma cells, while normal tissues such as liver, lung and spleen were relatively spared. Combinations of cellular targeting using RGD fiber-mutant adenovirus vectors that contain an alpha-v integrin tropism with the melanoma-specific tyrosinase promotor or human telomerase reverse transcriptase (TERT) promotor have shown increased gene expression in tumor cells with a relative quiescence in normal cells. 9 Stable integration of large therapeutic genes has been achieved using the sleeping beauty transposon or the UC31 bacterial phage integrase Initial approaches to phenotypic reversion of EB have relied on grafting engineered epidermal sheet tissue. As a number of drawbacks (e.g. costs, fragility of engineered epidermal tissue and removal of host tissue before grafting) limits its application in humans and since direct administration of viral vectors is limited by efficiency, cell targeting and biosafety, the sleeping beauty (SB) transposable element was used as an alternative to integrate incoming DNA into the genome using short inverted repeat sequences flanking the insert and the SB transposase protein, resulting in long-term gene expression. This technology has been successfully used to integrate the LAMB3 cDNA into epidermal holoclones from unrelated junctional EB patients. 10 Epidermal holoclones have the greatest reproductive capacity and represent o5% of primary keratinocyte suspensions; they are considered to contain true epidermal stem cells. Non-viral integration of the LAMB3 gene led to normalized levels of laminin-5 protein, hemidesmosome formation and a normal phenotype. 10 Alternatively, the FC31 bacterial phage integrase, which inserts -albeit with low efficiency-, large genes into genomes was used to stably integrated the type-VII collagen gene into primary epidermal progenitor cells of Figure 3 Summary of genodermatoses. Shown are the epidermis, the basement membrane and the papillary dermis. On the left side the genetic diseases are mentioned with the protein defects detailed on the right side. EHK, epidermolytic hyperkeratosis; PPK, palmoplantar keratosis; EB, epidermolysis bullosa; BPAG, bullous pemphigoid antigen.
Skin gene therapy UR Hengge four unrelated recessive dystrophic EB patients. 11 Again, collagen-VII found its correct location in regenerated epidermis and located to the basement membrane zone. With the ability to transfer large therapeutic genes, which cannot be packaged in viral vectors, into the genome of patients a significant limitation of cutaneous gene therapy has been overcome. However, -at presentthe efficiency of transfer and the longevity of expression are probably too low to achieve meaningful effects.
New technological advances have permitted gradual improvements in gene silencing and gene repair Dominant disorders cannot be corrected by simply overexpressing the correct protein. Recently, short inhibitory RNA (RNAi) technology has been developed that may be adapted to deactivate dominant-negative alleles. 12 The silencing of dominant-negative proteins would permit the functional effect of newly introduced wild-type genes for example in dominant forms of EB. Alternatively, gene repair has been successful by specifically designed zinc-finger nucleases using homologous recombination. 13 The clinical benefit of both strategies still remains to be demonstrated.
An alternative strategy of treating dominant disorders has recently been proposed. The so-called supplementation therapy aims to bypass the defective gene by inducing the expression of another gene with similar function, but which is not susceptible to the disruptive effect of the mutant. In a recent example, desmin, an intermediate filament protein normally expressed in muscle cells, has been transfected into keratinocytes from patients with EB simplex harboring a dominantnegative mutation in keratins K5 or K14.
14 Such supplementation therapy transiently restored responses to stress such as scratch wounding, heat or osmotic shock.
14 This treatment is more universal and amendable to a larger cohort of patients with related individual mutations.
Suitable animal models have demonstrated proof of concept for treating human genodermatoses
An essential requirement in the development of any gene therapy is the availability of inducible animal models of genetic diseases. As universal expression of the mutant genes of interest is lethal, small test areas of genetically engineered mouse skin are induced to express the mutation by application of a chemical compound. This conditional expression is reversible. Recently, two inducible mouse models of keratin disorders have been developed. 15 In the models of epidermolysis bullosa simplex and bullous congenital ichthyosiform erythroderma (EHK), the mutant gene is induced upon topical application of a chemical agent. Appropriate, larger animal models are required to determine the safety and efficacy of novel in vivo therapies before testing in human subjects.
A spontaneously occurring large animal model has been identified as the recessive dystrophic EB in golden retrievers where type-VII collagen is absent. This disease has successfully been corrected using retroviral vectors and ex vivo gene transfer. 16 Skin equivalents obtained from recessive dystrophic EB fibroblasts and corrected keratinocytes showed normal structural and functional effects. 17 On a similar note, the intradermal injection of lentiviral vectors into human dystrophic EB composite skin equivalents grafted onto immunodeficient mice has been investigated. 18 The lentiviral vectors containing the type-VII collagen gene transduced dermal fibroblasts, which exported the type-VII collagen into the basement membrane zone, where it formed anchoring fiber structures. 18 While a single lentiviral vector injection provided significant functional improvement for at least 3 months in this mouse model of human dystrophic EB, the therapy remained confined to the injection site.
Patients with the autosomal recessive DNA repair disorder xeroderma pigmentosum (XP) suffer from a high incidence of skin cancer following UV exposure. Recombinant adenovirus encoding the human XPA gene was used for in vivo gene therapy in UVB-irradiated skin of XP mutant mice. Subcutaneous adenovirus injection led to the expression of the XPA protein in basal keratinocytes and prevented deleterious effects including the development of squamous cell carcinoma. 19 This therapy may hold promise for preventing skin cancers in the areas most severely exposed to UV light in patients with XP.
Graft necrosis represents a significant hurdle to large area skin transplantation. When vascular endothelial growth factor (VEGF) plasmid DNA was injected in the subcutaneous fascial layers of the upper abdominal wall in a rat pedicled TRAM flap model, significantly more vessel sprouting led to increased graft survival. 20 Preclinical progress has been achieved in the treatment of wounds, epidermolysis bullosa and ichthyosis As infection represents the major problem in severely burned patients causing skin graft failure and given the emerging resistance of antibiotic-resistant microorganisms, antimicrobial peptide genes have been delivered to the skin by adenoviral vectors. 21 This form of skin gene therapy only requires transient expression until the wound has closed. It was shown to significantly inhibit bacterial growth on the wounds. 21 In a rat model, skin wounded by thermal injury has been transfected using human cathelicidin and proven significantly more effective than the administration of the synthetic host defense peptide. 22 A similar study using a human b-defensin-3 (HBD-3) plasmid construct has demonstrated significant antimicrobial activity in patients when transfected skin ulcers were analyzed. 23 Biopsies from transplanted epidermal sheets showed 2.5-times higher levels of HBD-3 transcripts than those of control skin. 23 In mouse models of wound healing, electroporation has been successfully introduced to enhance transfection. In a recent study, keratinocyte growth factor (KGF) has been delivered to an excisional wound model via naked DNA injection with subsequent electroporation. 24 This study reported closure of excisional wounds in diabetic mice in over 90% of wounds. The untreated group Skin gene therapy UR Hengge achieved wound closure in 40% by day 12; 24 however, no DNA injection only group was included. Similar improvements with regard to increased reepithelialization, collagen synthesis and angiogenesis have also been reported for transforming growth factor-b (TGF-b)-1. 25 Transient skin gene therapy may also hold promise for the inhibition of extensive scar formation. When adenovirus-mediated transfer of truncated TGF-b-receptor-II was performed in rat wounds, dermal fibroblasts were found to express the truncated receptor. 26 Interestingly, the expression of TGF-b-1 was markedly downregulated in truncated TGF-b-receptor-II transduced fibroblasts, leading to decreased scarring upon wound closure. 26 Another potential candidate disease for skin gene therapy is harlequin ichthyosis, a devastating skin disorder with abnormal lamellar granules in keratinocytes. In a recent publication, the gene defect has been mapped to an ATP-binding cassette transporter family (ABCA) that is involved in lipid secretion via lamellar granules. 27 Following gene transfer of the ABCA12 cDNA congested lipid secretion could be corrected. 27 Recent progress has also been reported for gene therapy of human sweat glands serving as a model for cystic fibrosis. 28 Improved transduction protocols using adenoviral vectors have been described for organ cultured sweat glands upon pretreatment with dispase. 28 
Clinical vaccination trials against melanoma have yielded mixed results
One dozen trials in patients with metastatic melanoma have been completed in the last couple of years. Most trials have been performed in the area of DNA, RNA or dendritic cell (DC) vaccination. In patients with stage IV melanoma repeated doses of between 2 and 20 mg total DNA encoding the human interleukin-12 (IL-12) gene have been evaluated in nine patients (Heinzerling et al.
;
Heller et al., personal communication). The authors reported three clinical responses (two stable diseases and one complete remission). All patients except one experienced a transient response at the intratumoral injection site, which correlated with an antigen-specific immune response against melanoma-associated antigens (MAGE-1 and MART-1; Heinzerling et al. 29 ). Similarly, four intratumoral administrations of a recombinant canarypox virus expressing IL-12 were performed in patients with metastatic melanoma. In this clinical trial involving nine patients inflammatory reactions were reported at the injection site and flu-like symptoms. 30 In four of nine patients increased circulating levels of IL-12 mRNA and IFN-g mRNA were detected. Treated tumor nodules had increased T-cell infiltration. One patient developed a complete response of the injected subcutaneous metastasis as well as of uninjected in-transit metastases. 30 A recent phase-I/II trial with autologous melanoma cells modified with the tag-7/PGRP-S gene reported antitumor immune responses in 16 of in 17 melanoma patients. 31 The Drosophila homologue of the tag-7/PGRP-S gene is known to be involved in the innate immune responses. 31 However, no clinical responses were seen. Studies with genetically modified DC were disappointing. DC vaccination with tyrosinase in patients with stage II melanoma using recombinant modified vaccinia virus Ankara has not shown significant immunological or clinical responses. 32 However, progress has been made in characterizing the CD4+ and CD8+ immune response induced upon DC vaccination of melanoma patients. 33 
Undesired immune responses limit duration of gene expression
Immunological responses, especially in situations where a new antigen is expressed (i.e. recessive diseases), are likely to limit expression and therapeutic use. It has become increasingly clear that the unique immunological features of the cutaneous microenvironment containing antigen-presenting cells (APCs), including Langerhans cells and dermal DC, along with the secretion of inflammatory cytokines from both keratinocytes and DC are inadvertent conditions for long-term expression of a desired transgene. Previously, it has been shown that in vivo gene transfer leads to the induction of transgenespecific immune responses besides cytotoxic T cells and antibodies against the vector backbones. The nature of host immune responses following gene transfer depends on various factors, including the immunogenicity of the transgene product and the cell or tissue type producing it. 34 Moreover, the vector backbone (i.e. virus envelope) is a potential source of non-cell antigens. Whereas longterm expression has been obtained upon retroviral gene transfer in immunodeficient mice, immunocompetent mice were shown to mount a predominantly cellular immune response with transgene-specific cytotoxic T lymphocytes. 34 Only in animals deficient in both major histocompatibility complex (MHC) class-I-and class-IImolecules prolonged transgene expression has occurred. In addition, humoral immune responses with IgG predominantly of the 2a-and 2b-subtype were detected, but found not to inhibit transgene expression. 34 Under these circumstances, ex vivo gene transfer may avoid signals provided to the immune system by in vivo administration of vectors. However, despite an ex vivo setting, where primary epidermal cultures were depleted of APCs, specific immune responses against a model transgene were generated and led to the clearance of transduced cells following grafting onto immunocompetent mice. 35 Only when the immunocompetent mice were tolerant to the indicator protein, permanent engraftment of transduced cells and continued gene expression were achieved. Most likely, upon ex vivo transfer, the activation of transgene-specific immune responses involved crosspresentation of antigens in transduced keratinocytes to APCs. 35 Additional support for the immunogenicity of neoantigens in hosts with a null mutation of certain proteins came from studies in desmoglein-3 knockout mice that received injections of murine desmoglein-3-cDNA, where 50% of the injected animals developed antidesmoglein-3-IgG. 36 To prevent the immune response, an anti-CD40L monoclonal antibody that blocks the co-stimulatory interaction between CD40 and CD40L, significantly prevented the generation of anti-desmoglein-3 antibodies. Alternative methods to overcome the immune response against a transgene product in gene therapy models consist of immunosuppressive therapy around the time of gene delivery. Such immunosuppressive treatment strategies (e.g. cyclophosphamide) have Skin gene therapy UR Hengge been successfully performed in liver-mediated gene therapy for hemophilia. 37 Immunization using recombinant DNA followed by recombinant modified vaccinia virus Ankara expressing the melanoma antigen mel3 generated specific CTL in the B16 murine melanoma. 38 Upon combination of this immunotherapeutic regimen with metronomic delivery (i.e. repeated dosing at certain intervals) of cyclophosphamide enhanced antitumor activity was observed when compared with either treatment alone, probably by reducing the numbers of CD4+ and CD25+ regulatory T cells. 38 Another study provided evidence that transgene expression following in vivo viral gene transfer can induce CD4+ T-cell tolerance to the transgene product, involving immunologic anergy and deletion. 39 A recent study investigated, whether immunosuppressive blockade of CTLA-4 could increase T-cell responses and tumor immunity elicited by DNA vaccines. 40 When mice were immunized against the tyrosinase-related protein-2 and gp100, significantly enhanced B16 melanoma tumor rejection could be achieved when anti-CTLA-4 was administered with booster vaccinations. However, autoimmunity to cellular antigens was also observed. 40 
DNA vaccines have largely disappointed in the human setting and need refinement
Much in contrast, these undesired immunological features are of paramount importance for genetic vaccination. 41 To increase their immunogenic potential DNA vaccines have been targeted to epidermal DC by coupling to mannose to facilitate mannose-receptormediated endocytosis leading to improved generation of cytotoxic T lymphocytes (CTL) and resulting in protection as demonstrated in a rhesus monkey model of HIV infection. 42 Also, transfection with mRNAs encoding tumor-associated antigens and granulocytemacrophage colony-stimulating factor efficiently primed CTL responses, but was insufficient to overcome tolerance to a model tumor/self antigen. 43 However, despite presenting relatively few safety concerns, DNA vaccines have been more effective in rodents than in larger animals or humans. Whether this is due to the different adjuvants used in animal and human trials, the stimulation of distinctive subsets of Toll-like receptors that trigger the innate immune system, the different effects on regulatory T-cells, or the different immunogenetic background still needs to be elucidated. Nevertheless, sequential immunization with malaria DNA followed by boosting with recombinant protein has led to the induction of CD8+ and CD4+ T cell and antibody responses in human volunteers. 44 The CD8+ T cells of the CD45RA (naïve) phenotype seemed to act as effector T cells. Thus, this immunization strategy has proven the concept of DNA priming and protein boosting in humans. A similar study has confirmed these results by either intramuscular or -epidermal application of a DNA vaccine or recombinant modified vaccinia virus Ankara (MVA) vaccine expressing the thrombospondin-related adhesion protein (a pre-erythrocytic malaria antigen), leading to 5-to 10-fold higher T-cell responses and the secretion of interferon-g than induced by either treatment alone. 45 Additional strategies have been exploited to increase immunogenicity of vaccines in humans. These strategies integrate in vivo electro-or microporation for improved delivery, 46, 47 the inclusion of various immunostimulatory molecules, xenoantigens or xenoepitopes, antigen-cytokine fusion genes, agents that improve antigen uptake or presentation and immunomodulatory compounds such as CpG motifs. 41 Collectively, the clinical data suggest that plasmid/virus-or plasmid/antigen-adjuvants, primeboost strategies generate strong immune responses and confirm the usefulness of DNA-based vaccination.
As tumor-associated antigens are usually poorly immunogenic altered self-molecules (e.g. melanocyte differentiation antigens), the induction of any immune response to these antigens involves breaking natural immune tolerance and may result in autoimmunity. As an example, several studies using xenogenic DNA immunization with DNA encoding the human tyrosinase have demonstrated tumor immunity as well as destruction of normal melanocytes with the clinical manifestation of vitiligo. 48 Topical spray application of liposomal DNA enables vaccination Although multiple approaches have been developed to deliver plasmid DNA to the skin, most gene transfer studies have focused on ex vivo approaches. In addition, several methods have been used successfully to deliver genes to the skin in vivo, including direct injection of naked DNA, gene gun, magnetofection, hydrodynamic injection or using an electric pulse. 49 Polyplexes containing a variety of ligands (RGD peptide; anti-CD3; Fab antibody fragments; transferrin and galactose) coupled to polyethylenimine have achieved targeted endocytosis and have also resulted in gene delivery to keratinocytes in vitro. 49 Generally, non-viral delivery relied on plasmid DNA and yielded transient expression between days and a few weeks.
Topical application of plasmid DNA represents an attractive route of gene delivery. If successful, it would have great prospects in transient skin gene therapy (e.g. DNA vaccination, wound healing, metabolic diseases etc.), since it is painless and easy to administer. Previous work has demonstrated that topically applied plasmids can access cellular targets via the hair follicles. Whether intercellular or transcellular routes of transportation play a role, has not yet been resolved. We have recently analyzed the expression of plasmid DNA in vivo and in vitro following topical application of plasmid DNA in nonionic liposomal spray formulations onto mouse or human skin using the enhanced green fluorescent protein. 50 The results showed that EGFP mRNA and protein were detectable by RT-PCR and Western blot. However, EGFP protein was undetectable, when assessed by confocal laser microscopy or fluorescenceactivated cell sorting (FACS), in contrast to about 4% of fluorescent GFP positive keratinocytes detected after intradermal injection. 50 In an in vivo mouse model the application of pEGFP-DNA led to the generation of GFPspecific antibodies. 50 These results indicate that topical spray application of pEGFP liposomal DNA formulations is a suitable method for plasmid DNA delivery to the skin that may be useful for DNA vaccination.
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Extending previous results, we achieved sufficient penetration of plasmid DNA into the interfollicular epidermis of various strains of mice, including nude mice that lack anagen follicles, and human interfollicular skin. Given the abundance of interfollicular keratinocytes besides the scalp, axilla and groin, interfollicular uptake may even represent the principal route for human skin penetration.
Mechanisms of DNA uptake and trafficking reveal fundamental insights into keratinocyte biology
The successful development of topical skin gene therapy depends on a multi-step drug delivery process. 50 The first step for DNA uptake following topical application involves the penetration of biologically active plasmid DNA through the stratum corneum. The stratum corneum, composed of dead epithelial cells and lipids, represents the principal barrier to penetration of macromolecules. Once this barrier is overcome, transport within the epidermis has to occur and plasmid DNA has to reach the keratinocyte cell membrane. Most likely, the liposomal composition and the concentration gradient play an important role in this regard. At the cell surface, uptake into the cytoplasm has to occur. When inside the cell, the majority of the plasmid will be degraded in endosomal and lysosomal compartments. However, a proportion of the DNA will be released from the acidic compartments and may eventually arrive at the nuclear membrane, where a fraction thereof may be shuffled into the nucleus for transcription to occur. All these steps will affect transfection efficiency in vivo.
Recently, we have characterized the in vitro uptake of plasmid DNA by keratinocytes in more detail showing that several forms of endocytosis (e.g. pinocytosis) seem to be involved. 51 In this study, we attempted to visualize and measure uptake of naked FITC-labeled plasmid by FACS analysis detecting up to 15% internalization in a dose-and time-dependent manner. While oligodeoxynucleotides were rapidly and almost completely taken up into the nucleus of keratinocytes, only low amounts of FITC-labeled plasmid could be detected in the cytoplasm and around the nucleus after 6 h (Figure 4) . The uptake depended on the concentration, time, temperature and on protein synthesis. 51 Several established mechanisms of endocytosis, utilizing clathrin-coated pits, macropinocytosis and caveolae, were studied. FITC-and Cy5-labeled plasmid DNA was applied together with specific inhibitors of macropinocytosis (amilorid and N,N-dimethylamilorid), potocytosis (nystatin and filipin) and clathrin-coated pits (chlorpromazine). 51 These experiments suggested that macropinocytosis was the predominant mode of DNA uptake by keratinocytes.
When we analyzed intracellular trafficking of Cy5-labeled plasmid DNA together with the 10-kDa FITCdextran, a commonly used fluid-phase endocytosis marker, co-localization was detected as soon as 8 h after incubation. 51 Co-incubation with FITC-labeled transferrin as an indicator of receptor-mediated uptake and clathrin-coated pits showed no colocalization. When Cy5-labeled plasmid DNA was incubated together with the LysoTracker Green dye significant co-localization was detected in lysosomes at 24 h. 51 To detect potential DNA receptors on the keratinocyte surface, membrane proteins were extracted and subjected to South-Western blotting using digoxigeninlabeled calf thymus and lambda phage DNA. 51 While we were not able to detect DNA-receptor proteins for uptake by receptor-mediated endocytosis, two DNAbinding proteins, ezrin and moesin were identified by South-Western blots and MALDI-mass spectrometry. Ezrin and moesin are known as plasma membrane-actin linkers, functionally associated with a number of transmembrane receptors such as the EGF-, CD44-or Skin gene therapy UR Hengge ICAM-1-receptor. Following ligand-binding to some of the associated receptors, phosphorylation of ezrin occurs at the C-terminus by a special protein kinase, leading to the resolution of head-to-tail ezrin binding and, thus, enabling the binding of actin. Within 2 min significant morphological changes occur such as the formation of microvilli, membrane ruffles and increased endocytosis. Currently, we try to identify the DNA-binding domains within the ezrin molecule and the interactions of DNA with transmembrane receptors to further elucidate the biological function of this newly recognized property of proteins known as cytoskeleton-actin linkers.
